MECHANISTIC ASPECTS OF CONTROLLED RELEASE DELIVERY SYSTEMS BASED ON HYDROGELS by SHAH, SUBODH
Structural and functional studies on crystallins and their homologues

α-, β- and γ-crystallins are the major water-soluble components of a vertebrate eye lens.  While α-crystallins act as a molecular chaperone, the β- and γ-crystallins are considered the major structural proteins. In some species, several enzymes, such as aldehyde dehydrogenase class 3 (ALDH3) or gelsolin accumulate in the eye tissues (such as in cornea) at unusually high concentrations. Based on the analogy with lens crystallins, these enzymes are called as taxon-specific or tissue-specific crystallins. These enzymes are found abundantly in the corneal epithelium; and because of their high expressions in the cornea, they are thought to be functioning as structural proteins rather than enzymes, thus referred to as corneal crystallins. The first part of the thesis deals with the major corneal proteins of anurans.  
Among the major two sub-classes of lens crystallins, the βγ-crystallin superfamily comprises a class of structurally related members implicated in a wide variety of functions. The characteristic feature of these proteins is the Greek-key motif topology with anti-parallel β-sheets, called the βγ-crystallin fold. This fold is structurally conserved from lower microbes to high order vertebrate lens crystallins. The pattern of Ca2+ coordination by the double clamp motif with a signature sequence of N/D-N/D-X-X-S/T-S motif is conserved in this superfamily. With increasing numbers of sequences in the databases, a few novel sequences from eukaryotes were identified containing the uncharacteristic Greek key crystallin motif (without proper signature sequences). In the second part of the study, a novel  but diverse βγ-crystallin domain of fungus Neurospora crassa annotated as APP has been characterized for the Ca2+-binding and spectral properties.
The last part of the thesis describes the connection between bacterial immunoglobulin like domains (Big), with its structural homolog, i.e., the βγ-crystallin domain. From our studies, it has been found that Big domain of Lig (Leptospira immunoglobulin-like) proteins also possesses Ca2+-binding property since both βγ-crystallin and Big domains have the similar Greek key topology. To demonstrate that Ca2+-binding could be an inherent and important characteristic of Big superfamily, two diverse proteins from different bacterial species have been studied. The spectral and conformational aspects have been addressed using biophysical tools.
Chapter 1: Introduction
This chapter introduces the crystallins, βγ-crystallin domain and taxon-specific crystallins. This chapter also discusses about the general features of Big domain, a structural homologue of βγ-crystallin domain. The last portion of the chapter outlines objectives of the research work to be described in this thesis.
Chapter 2: Experimental Procedures
All experimental procedures used in the following study have been described in this chapter. Cloning, overexpression and purification procedures of individual proteins have been mentioned in their respective chapters. A set of common biochemical, spectroscopic and calorimetric techniques applied to this study has been described.
The results of the work are divided into the following three Sections in the thesis.
Section I: Corneal and nictitans crystallins
Chapter 3: Accumulation of lens crystallins in anuran cornea
Crystallins are responsible for the transparency of lens, but the molecular basis of corneal transparency has not been very clear. It is known that after lentectomy, anurans exhibit a unique property of regenerating a lens by transdifferentiation of the corneal epithelium. However, the molecular basis behind this lens-forming competence of the corneal epithelium is not understood. This study was directed towards identification of the abundant proteins in anuran cornea which may help to obtain insights into this mechanism. 
Water soluble corneal proteins were isolated and resolved on two-dimensional gel electrophoresis. Selected protein spots were excised and analyzed with MALDI-TOF/TOF and MS/MS analysis. Peptide mass fingerprinting was generated and proteins were identified using various databases. Localization and further confirmation of interesting proteins were performed using immunofluorescence, western immunoblot and RT-PCR. It has been observed that anuran cornea is made up of full complement of ubiquitous lens α-, β-, and γ-crystallins, which remain localized mainly in the corneal epithelium. In addition, some taxon-specific lens crystallins and novel proteins, such as α- or β-enolase/τ-crystallin, have also been identified. High levels of lens α-, β-, and γ-crystallins may offer a possible explanation for their ability to regenerate a lens after lentectomy. These data present a unique case of the anuran cornea where the same crystallins are used in the lens and in the cornea, thus supporting the earlier idea that crystallins are essential for the visual functions of the cornea as they perform for the lens. Our data that anuran cornea has abundant quantity of almost all the lens crystallins is consistent with the cornea’s ability to form a lens and thus presents a plausible explanation for the propensity of corneal trans-differentiation into lens.
Chapter 4: Semi-transparency of anuran nictitans
Anuran is an order in the class amphibia that includes frogs and toads. Frog and toad have an extra optical tissue as compared to the non-amphibians: nictitating membrane (NM). NM has been least studied. This chapter is possibly the first attempt to present the list of major soluble proteins expressed in nictitating membrane: a semi-transparent tissue, which has not been explored. 
Section II: βγ-crystallin domains
Chapter 5: A divergent βγ-crystallin type protein from Neurospora crassa
Upon analyzing the genomic sequence of Neurospora crassa, a sequence has been identified which was annotated earlier as hypothetical protein, and later on named as abundant perithecial protein (APP). At some stages of reproductive life cycle, this protein constitutes up to 30% of the total perithecial proteins. The sequence features indicates that it might harbor Greek key motifs, though only some indications for the signature sequences were seen, specifically for a single Greek key motif, while the signature sequences were absent for the second motif. To understand its spectral properties, the full length protein (which appeared to have two-domains) was prepared and studied for Ca2+-binding. Role of Ca2+ on its conformation and stability was delineated. Since the possibility that N-terminal region might be a βγ-crystallin like domain (NTD), it was also cloned and prepared. Interestingly, this domain binds Ca2+, however, there is no ambiguity about the presence of the βγ-crystallin motif though Ca2+-binding as consensus sequence of N/D-N/D-X-X-S/T-S motif is not clearly noted. To explore the limits of relationship between the sequence diversity and structural features of this highly diverse βγ-crystallin fold, its crystal structure in Ca2+-bound form was solved which clearly demonstrate the presence of one Ca2+-binding site, whereas other site is disabled due to the presence of unfavorable amino acids at the ligation positions for side chain coordination. This work thus classifies this protein towards a sub-family of βγ-crystallins fused with a putative immunoglobulin domain at its C-terminal. Efforts to solve the structure of full protein failed due to problems in obtaining suitable crystals. 
Section III: Structural homologues of βγ-crystallins: the Bacterial immunoglobulin-like (Big) domain
Chapter 6: Lig proteins are Ca2+-binding proteins 
The Big domains possess Greek key motifs, thus could be considered as structural homologues of βγ-crystallins domain, though both are two different families without any connection. In order to correlate any functional similarities between these two domains, Ca2+-binding to Big domains of the proteins from Leptospira interrogans (called as Leptospira immunoglobulin-like or Lig) proteins was explored. In this chapter, Ca2+-binding properties vis-à-vis spectral features of various Lig domains was described. In addition, the response of Ca2+ on conformation and domain stability has also been studied. 
Chapter 7: Ca2+-modulates N-terminal domain of fibronectin binding to LigBCen2
Lig proteins which possess bacterial immunoglobulin-like (Big) domains are surface exposed proteins; the interaction between the bacterium and host cells is the first step in the establishment of a productive infection. It has been shown that Lig proteins interact with ECM proteins such as fibronectin, laminin, elastin or collagen and this is one of the strategies, the bacterium uses to adhere to host cells. A domain of Lig i.e., LigBCen2, is shown to interact with NTD of fibronectin (Fn). Absolute requirement of calcium and magnesium ions for the growth and survival of this bacterium has been known for a long time; however this work set up the indication of their role as Big domain of Lig binds Ca2+. Further, Fn binding with LigBCen2, is enhanced in the presence of Ca2+, demonstrating a direct functional consequences of ion binding.
Chapter 8: Excited-state interaction and doublet fluorescence of Big_2 domains
Trp fluorescence spectrum of a Big domain has an uncommon doublet spectrum (two peaks at ~320 and ~330 nm). The origin of such unique spectral feature not only in Big domains but also in proteins with similar spectra is not known. It has been observed that in most of the Big_2 domains, a conserved Phe is located 19 residues apart from the invariant Trp. The first peak of a doublet spectrum disappears without affecting the 2nd peak when this Phe is mutated to Ala in a Big_2 domain. Our results suggested that the Phe-Trp pair forms a complex during excitation via hydrophobic interaction, forming the basis for a doublet in the emission spectrum. LigBCen2 is known to interact with fibronectin through some unknown mechanism. Mutating a conserved Phe to Ala in LigBCen2 severely attenuates fibronectin binding, suggesting this Phe to be a hot-spot residue. Hence, the Phe-Trp interaction in Lig proteins is necessary for Leptospira virulence, and thus may play a role in other Big domains or proteins with similar aromatic pairing.
Chapter 9: Big: a novel superfamily of Ca2+-binding proteins
The data that Lig proteins bind Ca2+ were extrapolated further to generalize the results. Big domains, the Big_2 domain to be specific, spread over a large number of proteins. To test the ability and generality of Ca2+ binding in the context of Big_2 domain, two diverse proteins from different organisms were tested for Ca2+-binding. Both proteins bind Ca2+ with similar affinities, thus letting to propose that the proteins with Big domains form a novel, superfamily of Ca2+-binding proteins. 
Concluding remarks and future prospects
This part concludes the thesis with a brief summary of salient findings, and several unanswered question as future prospective. In brief, an anuran cornea is made up of full complement of ubiquitous lens α-, β- and γ-crystallins which are mainly localized in the corneal epithelium. Proteomic studies of nictitating membrane provide an overview of protein composition and some possible candidates to be classified as nictitans crystallin. One member of βγ-crystallin superfamily from Neurospora has one degenerate Ca2+-binding site. Studying diverse members of this superfamily has a huge potential to help understanding not only the basis of Ca2+-dependent functions in some microbial species, but also a requirement for fold. Recruitment of individual domains into multi-domain proteins indicates the modular roles of βγ-crystallins in affecting activity of other functional domains in these proteins in a Ca2+-dependent manner. Big domain, a homologue of βγ-crystallin domain, is a novel superfamily of Ca2+-binding proteins though the exact motif need to be defined. The properties and functional role of diverse members of Big family remain to be investigated. 


